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Abstract
Filamins are a family of high molecular mass cytoskeletal proteins that organize filamentous actin in networks and stress
fibers. Over the past few years it has become clear that filamins anchor various transmembrane proteins to the actin
cytoskeleton and provide a scaffold for a wide range of cytoplasmic signaling proteins. The recent cloning of three human
filamins and studies on filamin orthologues from chicken and Drosophila revealed unexpected complexity of the filamin
family, the biological implications of which have just started to be addressed. Expression of dysfunctional filamin-A leads to
the genetic disorder of ventricular heterotopia and gives reason to expect that abnormalities in the other isogenes may also be
connected with human disease. In this review aspects of filamin structure, its splice variants, binding partners and biological
function will be discussed. ß 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction
The actin cytoskeleton plays a central role in many
cell functions such as the maintenance of cell shape,
cell division, adhesion, motility, signal transduction
and protein sorting. Assembly and disassembly of the
dynamic actin cytoskeleton is regulated by a variety
of actin severing and sequestering molecules [1]. The
localization and cross-linking of ¢lamentous actin
(F-actin) into bundles and networks is mediated by
multiple families of cytoskeletal proteins [2], of which
several share an K-actinin-like conserved F-actin
binding domain (ABD) [3,4].
Generally, cross-linkage of F-actin requires at least
two of these ABDs and the capacity to dimerize or
even to multimerize is provided by the rod domain
that follows the amino-terminal ABD. Furthermore,
the rod domain determines the orientation, £exibility
and spacing of the F-actin cross-linkage. For exam-
ple, spectrin assembles into tetramers [5], while the
spectrin family member K-actinin forms anti-parallel
homodimers and dystrophin is thought to be mono-
meric [6]. The calmodulin-like domain of K-actinin
and spectrin regulates the calcium-dependent actin
binding and the carboxy-terminal protein domain
mediates interactions with other proteins. Filamins
lack a calcium-responsive domain and their repeats
show an immunoglobulin-like folding in contrast to
the £exible, triple-helical coiled-coils of spectrin re-
peats. Fimbrin, plastin and ABP-67 form an excep-
tion within the ABD-family as they contain a tandem
ABD in the same polypeptide chain and thus give
rise to tight actin bundles. Members of the plakin
protein family, including plectin and dystonin (the
neuronal isoform of BPAG1) combine the ABD
with an intermediate ¢lament-binding domain and
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thereby connect intermediate ¢laments to the actin
cytoskeleton [7,8]. Similarly, the most recently iden-
ti¢ed member of the plakin family, ACF-7/MACF
connects actin ¢laments to microtubules [9].
In this review, we will focus on the structural and
functional studies of the ¢lamin^actin cross-linker
family. The recently cloned ¢lamin isoforms and
the potential role of mRNA splice variants will be
discussed.
2. Overall structure of ¢lamin
The name ¢lamin refers to its ¢lamentous colocal-
ization with actin stress ¢bers [10]. Filamins assemble
into tail-to-tail, non-covalently associated dimers.
Their amino-termini encode an ABD, which is fol-
lowed by a rod-domain composed of 4^24, 100-resi-
due repetitive segments including a carboxy-terminal
dimerization domain [11,12] (see also Fig. 2).
Rotary shadowing electron microscopy of ¢lamins
isolated from smooth muscle (uterus), macrophages
and chicken gizzard showed that the dimers are elon-
gated, V-shaped, £exible structures connected to each
other at one end [11,13]. The ¢lamin dimer, com-
posed of two 250 kDa subunits, forms a 160 nm
extended structure. Structures of 80 nm, which are
also seen in the electron microscope, likely represent
¢lamin monomers or tightly associated dimers. Neg-
ative staining of puri¢ed ¢lamin and ¢lamin^actin
networks revealed a V200 Aî ellipsoid shape of ¢la-
min [14,15].
2.1. Structure of the actin-binding domain
The ABD of ¢lamin is, conform to all K-actinin-
like ABDs, composed of two calponin homology
(CH) domains: the amino- and carboxy-terminal
CH1 and CH2 domains. Each CH domain is a re-
gion of 110 residues, initially recognized in calponin
and also present in signal transduction proteins such
as Vav and IQGAP [16]. Molecular modeling of K-
actinin bound to F-actin suggests that the tandem
organization of CH domains determines the binding
capacity of two adjacent actin molecules and thus
may determine the binding speci¢city towards F-ac-
tin of this class of ABDs.
Basically, a CH domain consists of four main K-
helices, each composed of 11^18 residues, connected
by long loops, and two or three shorter, less regular
K-helices, as shown for the ABD of dystrophin in
Fig. 1A [16,17]. Three dominant K-helices form a
triple helical bundle, against which the amino-termi-
nal K-helix packs in a perpendicular orientation. The
relative spatial orientation of the two adjacent CH
domains of the ABD is determined by the long car-
boxy-terminal K-helix of the ¢rst domain that con-
nects the two domains (Fig. 1A).
Analysis of deletions and point mutations com-
bined with peptide binding studies of various K-acti-
nin-like ABD family members, has led to the identi-
¢cation of three potential actin-binding sites (ABS1,
2 and 3). Most of the available data suggest that a
conserved hydrophobic region (ABS2), correspond-
ing to the last K-helix of the CH1 domain, is crucial
for binding (Figs. 1A and 2B). This region consists of
amino acids 121^147 of ¢lamin, or the homologous
residues in K-actinin or gelation factor, residues 108^
134 and 89^115, respectively [18^20]. The ¢rst K-he-
lix of the CH2 domain (ABS3) contributes to F-actin
binding in such a way that the CH1 and CH2 do-
mains in concert bind to F-actin with a higher a⁄n-
ity than the CH1 domain alone. Filamin binds all
actin isoforms and the binding sites on actin have
been shown to reside at residues 105^120 and 360^
372, in the actin subdomain-1 [21]. These sites over-
lap with those of several other actin-binding proteins
including K-actinin, myosin, tropomyosin and caldes-
mon [22], which could explain that ¢lamin inhibits
actomyosin Mg2-ATPase activity in vitro by com-
peting for binding to actin with other proteins [23^
28]. Di¡erences in the binding characteristics of these
F-actin binding proteins could be due to amino acid
substitutions, variations in the relative orientation of
two CH domains as well as to di¡erences in inter-
molecular interactions. Variations observed in the
relative orientation of the individual CH domains
within the ABDs suggest a mechanism in which
both the ABD and actin undergo structural rear-
rangements upon binding to each other [29,30].
This implies that binding of an ABD could a¡ect
the shape of F-actin.
2.2. Filamin repeat structure
Historically, the repeating segments of ¢lamin
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were designated by sequence alignments [11,31]. Sec-
ondary structure algorithms indicated that the ¢la-
min rod-domain consists of 100-residue repetitive
units containing several L-strands of 6^9 amino acids
separated by stretches of 3^4 amino acids [11,31].
Recently, the assignment of these ¢lamin repeats
was adjusted after the structure of three repeating
segments from gelation factor/ABP-120, the short ¢l-
amin homologue of Dictyostelium was determined
[32^34]. This analysis showed that the proposed ¢la-
min-repeats had been placed out of phase. Compared
to the proposed structure [11,31], the boundaries of
the repeats are shifted towards the amino terminus
by ¢ve and ten residues for ¢lamin-A and gelation
factor, respectively [32,34] (Fig. 2B).
The ¢lamin repeat consists of a L-sandwich, which
resembles the topological subtype C1 fold of the im-
munoglobulin family [35] (Fig. 1). Both the 4th and
5th repeat of gelation factor consist of seven L-
strands (A^G), which are arranged in two L-sheets
of three and four L-strands, respectively (Fig. 1B).
The 6th dimerization domain of gelation factor has
a slightly di¡erent fold: its A-strand is missing, while
the B-strand is interrupted and a carboxy-terminal H
strand has been added. The G-strand, together with
strand B, forms the dimerization interface, as it asso-
Fig. 1. The three-dimensional structures of the modular domains of ¢lamin. All structures are taken from the Protein Data Base
(Brookhaven National Laboratory) and the ribbon drawings were generated using MolView1.5 [144]. (A) Actin-binding domain of
dystrophin (ID code: 1DXX, [17]). Indicated are the two calponin homology domains (CH1 and CH2) and the three actin-binding
sites (ABS1, 2 and 3). (B) Filamin repeat four of gelation factor (ID code: 1KSR, [32]) (C) Filamin repeats ¢ve and six of gelation
factor. Dimerization is mediated by the carboxy-terminal ¢lamin repeat six. (ID code: 1GFH, [34]).
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ciates with the opposed anti-parallel orientated B-
and G-strands of repeat 6, with the 5th repeat do-
mains extending in opposite directions away from the
center of the dimer (Fig. 1C). These ¢ndings, com-
bined with additional biochemical data indicate a
similar tail-to-tail dimerization of gelation factor
[36] as has been proposed for ¢lamin [11]. Thus,
the current model for gelation factor does not show
the complete or partial overlap of repeats between
the anti-parallel orientated chains as has been sug-
gested previously [37,38]. The discrepancies between
the measured dimensions of the gelation factor V35
nm rod-like structures [23,37] and the calculated
length of the dimer could be nulli¢ed by the tilting
of the repeats.
3. Filamin protein family
3.1. Filamin isoforms and their expression
In humans three ¢lamin genes have been identi-
¢ed: FLNA, FLNB and FLNC (Table 1). The three
encoded ¢lamin proteins (¢lamin-A, -B and -C) show
strong homology over their entire sequence (V70%
homology), with the exception of two V30 amino
acid £exible loops, hinge-1 (H1) and hinge-2 (H2)
(45% homology) (Fig. 2A,B). Furthermore, ¢lamin-
C contains an 81 amino acid insertion in repeat 20,
not present in ¢lamin-A or -B. The genomic organi-
zation of the three human isogenes is highly con-
served. There is no clear correlation between the in-
tron^exon organization and the repeated protein
domains [39,40]. Mouse and chicken orthologues of
human ¢lamin have also been identi¢ed (Table 1).
The Drosophila, Dictyostelium and Entamoeba histo-
lytica orthologues have shorter rod domains: fruit£y
¢lamin-240 has a rod domain of twenty repeats,
while gelation factor/ABP-120 contains six repeats
and EhABP-120 is made up of only four repeats
(Fig. 2A). The number of repeats of other members
of the ¢lamin family, including two fruit£y ¢lamins,
slime mold ABP-240 [41] and Caenorhabditis elegans
¢lamin [42] have not yet been determined (Table 1).
The regulation of the expression of ¢lamin genes is
complex. Alternative promoters in the genes of both
Fig. 2. The architecture of ¢lamins and alignment of three human ¢lamin isoforms. (A) Schematic representation of the modular do-
main composition of the three human ¢lamin proteins, the fruit£y ¢lamin variants and gelation factor. Indicated are the actin-binding
domain (ABD); hinge-1 (H1) and hinge-2 (H2) regions. Dotted lines indicate at which sites alternative splicing occurs. (B) Amino
acid sequence alignment of human ¢lamins. The ¢lamin repeats of the three isoforms of ¢lamin are aligned according to the alignment
based on the structure of the gelation factor repeats 3 and 4 [32,34]. The calponin homology domains 1 and 2 (CH1 and CH2) and
the actin-binding sites (ABS1^3) of the actin-binding domain and the location of the L-strands (arrows) are indicated. Amino acid se-
quences are numbered according to the sequences listed in Table 1. The underlined 20 amino-terminal amino acids present in a var-
iant form of ¢lamin-C are not included in the amino acid numbering [40] (accession number AJ012737). The positions of the exon^in-
tron junctions are indicated and numbered according to [40]. Identical residues are shaded and highly conserved amino acids in the
CH domains and ¢lamin repeats are highlighted in black boxes.
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Fig. 2 (continued).
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chicken ¢lamin [43] and fruit£y ¢lamin-240 have
been identi¢ed [44]. Interestingly, studies on fruit£y
¢lamin-240, also known as cheerio (cher) and shi
kong (sko), revealed the existence of both amino-
and carboxy-terminal truncated variants [44^46]. Al-
ternative promoter usage gives rise to the amino-ter-
minal truncated ¢lamin-90 variant, starting directly
after the ¢rst hinge and whose function is currently
unknown (Fig. 2). In fruit£y ¢lamin-240 four do-
mains, which correspond to human repeats 6^9,
have been deleted. The two hinge regions H1 and
H2 are present and the repeat domains show 34^
52% identity with their corresponding human do-
mains (Fig. 2).
The diversity of the ¢lamin family is increased by
alternative splicing of ¢lamin mRNA. Alternative
Table 1
Filamin protein family and e¡ects of mutations in various species
Filamin Synonym Chromosome Phenotype Accession
number
Human (Homo sapiens)
Filamin-A ABP-280 [11], ¢lamin-1, K-¢lamin Xq28 [137,145] Periventricular heterotopia NM_001456a
L44140b
Filamin-B ABP-278/276 [47], Fh1 [84],
¢lamin-3, L-¢lamin [49]
3p14.3 [146,147] NM_001457a
AH009377b
Filamin-C ABPL [48], ¢lamin-2 [54],Q-¢lamin 7q32^35 [146,147] NM_001458a
AH009284b
Mouse (Mus musculus)
Filamin-A Blastocyst ¢lamin [64] chr X [147] AF119149c
AC025784b
Filamin-C Myotube ¢lamin [64] chr 6 [147] AF119148c
AC079276b
Chicken (Gallus gallus)
Filamin-B Chicken ¢lamin [43] n.d. U00147a
Filamin-C chABP260 [63] n.d. AB000832c
Fruit£y (Drosophila melanogaster)
Filamin-240d Filamin-A, (sko, cher) 3R, 89F Defect in oocyte ring canals AF188360a
Filamin-1 [44,46] CG3937b
Filamin 2R, 58F8^59A2 CG11605b
Filamin-like 3R, 97F4 CG5984b
Round worm (Caenorhabditis elegans)
Filamin-like chr IV AF100673c
Slime mold (Dictyostelium discoideum)
Gelation factor ABP120 [31],
ABPC
chr I Defects in pseudopod
formation and migration
X15430a
ABP-240 [41] n.d. n.d.
Parasite (Entamoeba histolytica)
EhABP120 [148] n.d. U70560a
n.d., not determined.
aFull-length cDNA clones.
b(Partial) genomic sequences.
cPartial cDNA clones.
dTruncated variant of ¢lamin-240 is ¢lamin-90 (or ¢lamin-B).
BBAMCR 14731 13-4-01
A. van der Flier, A. Sonnenberg / Biochimica et Biophysica Acta 1538 (2001) 99^117104
poly(A) signals are employed [43,47] and in some
variants, there are internal deletions in some of the
domains (Fig. 2). The H2 region between repeats 23
and the carboxy-terminal repeat 24 is present in all
human ¢lamin isoforms, while H1 between repeats
15 and 16 is absent in chicken ¢lamin [43] and in
some splice-variants of human ¢lamin-B (vH1) and
human ¢lamin-C (vH1) [48,49]. In addition, alterna-
tive splicing of sequences encoding a region of eight
amino acids in repeat 15 of ¢lamin-A has been re-
ported [11]. Both ¢lamin-Avarÿ1 and -Bvarÿ1 have an
internal deletion of 41 amino acids between repeats
19 and 20. These two variants are widely expressed at
low levels. In two cardiac-speci¢c ¢lamin-B splice
variants, ¢lamin-Bvarÿ2 and ¢lamin-Bvarÿ3, the four
carboxy-terminal repeat domains, including the pu-
tative dimerization domain, are absent. These var-
iants resemble the referred fruit£y ¢lamin variants
(van der Flier, in preparation).
The unusual presence of internal promoters in the
fruit£y ¢lamin gene is interesting. The dystrophin
gene uses the same strategy to encode shortened pro-
teins without ABD [50]. Furthermore, the recent
identi¢cation of truncated-variants of several other
high molecular mass proteins that cross-link actin,
i.e., dystrophin, utrophin, plectin and BPAG1
[8,51^53], raise the interesting possibility that these
variants play an as yet unprecedented role in the
subtle regulation of actin dynamics and modi¢cation
of actin organization.
3.2. Tissue distribution and cellular localization of
¢lamin isoforms
Several studies have revealed overlapping cellular
and tissue expression patterns of human ¢lamin-A,
-B and -C. Filamin-A and -B are the most ubiqui-
tously expressed ¢lamin isoforms, although the level
of expression of the ¢lamin-B variant (¢lamin-B
( þ H1)) is di¡erent in each tissue [11,47,49]. Expres-
sion of ¢lamin-C is largely restricted to skeletal and
cardiac muscle [54], in which the mRNA encoding
the ¢lamin-C (vH1) splice variant dominates [48].
The expression and localization of ¢lamin during
myogenesis has been most extensively studied. How-
ever, the results are di⁄cult to interpret because they
do not discriminate between the various ¢lamin
genes and their splice variants. The disappearance
and reappearance of a large ¢lamin, during chicken
myoblast di¡erentiation [55], as well as the detection
of muscle-type speci¢c ¢lamins by cryptic peptide
mapping analysis studies [56^58] is probably the re-
sult of an as yet unspeci¢ed switching of isoforms or
by alternative mRNA splicing during myogenesis. In
addition, the unusual localization of ¢lamin at the
ends of stress ¢bers in chicken ¢broblasts almost
certainly represents a particular ¢lamin isoform
[59]. Detailed information about the expression pat-
terns of the di¡erent ¢lamin isoforms and variants
during myogenesis and embryogenesis is essential, as
we recently found that di¡erent ¢lamin-B variants
can have di¡erent e¡ects on the di¡erentiation and
morphology of myoblasts fusion (van der Flier, in
preparation).
It is clear from all studies on the distribution of
¢lamin in skeletal muscle that the protein is enriched
at the Z-lines and myotendinous junctions, although
it can be detected at low level at the plasma mem-
brane in association with the cortical actin cytoskel-
eton [54^56,59,60]. In cardiac muscle, ¢lamin is
present at Z-lines and intercalated discs [58,61,62],
and in chicken smooth muscle cells ¢lamin-C-like
proteins are found in the dense plaques and dense
bodies [63]. Furthermore, in cultured cells ¢lamin is
Fig. 3. Schematic model of ¢lamin function in F-actin cross-
linking, receptor anchoring and cell signaling. Filamin dimers
link actin-¢laments in orthogonal networks and parallel bundles
depending on actin^¢lamin ratio and the £exibility of the ¢la-
min isoform. In addition, ¢lamin links transmembrane receptors
to the F-actin cytoskeleton and serves as a sca¡old for several
signaling molecules (indicated by a thunderbolt).
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localized along actin stress ¢bers, cortical actin net-
works and occasionally it is found at the base of
membrane ru¥es of migrating cells [60,64]. In divid-
ing cells ¢lamin is often found concentrated in the
cleavage furrow, where it remains associated at the
midbody region at the completion of cell division
[65,66]
4. Biological function of ¢lamins
4.1. Actin organization and membrane stabilization
Filamins isolated from various sources such as
macrophages, platelets and chicken gizzard di¡er in
their actin cross-linking activity. For instance, ¢la-
min from macrophages forms more rigid actin gels
than ¢lamin from chicken gizzard [67]. It was also
demonstrated that the application of shear stress
leads to the irreversible breakage of actin^¢lamin
networks formed in vitro, resembling the breakage
of covalent, cross-linked actin networks [68]. The in
vitro binding a⁄nity of ¢lamin to F-actin
(KdV2U1036 M) [11,69] and saturation levels (8^
12 actin monomers/¢lamin dimer) are comparable
to those found for other actin-binding proteins,
such as K-actinin and tropomyosin [11,15].
In melanoma cells, the overall ratio of ¢lamin to
actin has been estimated to be in the range of 1:80^
140 [70]. Interestingly, the type of actin ¢lament
organization depends on the ¢lamin to actin ratio.
Increasing the ratio of ¢lamin to actin leads to
tighter networks [71]. The formation of parallel bun-
dles of actin ¢laments is promoted when the molar
ratio of ¢lamin to actin is high (1:10^50), while a
stoichiometry of 1:150^740 leads to the formation
of orthogonal actin networks, depending on the
source of ¢lamin (Fig. 3) [24,67].
The resemblance between the orthogonal actin net-
works of macrophage lamellae and the networks of
¢lamin/actin gels generated in vitro is striking [72].
Filamin is located at points where the ¢laments in-
tersect or where they are in contact with the mem-
brane. However, the network organization in vivo is
more tightly packed and is not solely dependent on
¢lamin or gelation factor as in gels formed in vitro.
Di¡erent networks or stress ¢bers are also in£uenced
by the combination of di¡erent types of actin cross-
linking proteins. Indeed, it has been found that in
vitro a mixture of K-actinin and ¢lamin results in
the formation of dense actin cables, resembling those
found in pseudopods, while, when either actin cross-
linking protein was added separately to actin, it leads
to the formation of orthogonal networks [73].
The organization of actin ¢laments into either or-
thogonal networks or parallel ¢bers is probably not
solely caused by the local concentration of ¢lamin-
mediated cross-links, but also by the structure of the
¢lamin variant. Filamin variants lacking the ¢rst
hinge region, particularly seen in muscle ¢lamins,
could restrict the £exibility of the ¢lamin rod do-
mains with respect to each other and thereby lead
to packed ¢lamin dimers which form rigid actin ¢-
bers instead of orthogonal actin networks (Fig. 3).
Table 2
Intracellular proteins associating with ¢lamins
Protein Filamin Repeat Ref.
Transmembrane proteins
GP-IbK FLN-A/B 17^19 [47,76]
L1A, L1D, L2, 3, 7 integrin FLN-A/B 20^24 [81,82]
FcQRI FLN-A n.d. [86]
Q,N-Sarcoglycan FLN-C 21^24 [54]
Tissue factor FLN-A 23^24 [87]
Dopamine D2, 3 receptor FLN-A 16^19 [92]
Toll-receptor DFLN C-term [99]
(D)-Presenilin1, 2 FLN-A/B 21^24 [84]
DFLN 15^20 [45]
Furin receptor FLN-A 13^14 [85]
Calveolin 1 FLN-A 22^24 [149]
Kv4.2 potassium channel FLN-A C-term [150]
Signaling proteins
RalA, RhoA, Rac1, Cdc42 FLN-A 24 [95]
Rab22Ba FLN-B 24
SEK1 (MEKK, JNKK) FLN A 22^23 [97]
TRAF2 FLN-A 15^19 [98]
Trio FLN-A 23^24 [96]
DFLN n.d. [151]
Androgen receptor FLN-A/C 16^19 [93]
Cytoskeletal and other cytoplasmic proteins
FATZ FLN-C 20^24 [101]
Myotilin FLN-C 19^21 [100]
cvHSP FLN-A 23^24 [152]
HBV-core protein (viral) FLN-B 23^24 [153]
Granzyme B FLN-A 20^24 [122]
n.d., not determined; C-term, carboxy-terminal.
aF. Opdam, personal communication.
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4.2. Anchoring of transmembrane proteins
In the last decade, it has been found that several
repeat domains of ¢lamins bind to a wide variety of
proteins, including transmembrane receptors and sig-
naling molecules, such as small GTPases and kinases
(Table 2). Several of them will be discussed in rela-
tion to their function. Most of these protein^protein
interactions have been shown to involve one or sev-
eral repeats of the carboxy-terminal part of ¢lamin
(see Table 2). There is no basic homology between
the diverse binding domains that associate with the
same or di¡erent ¢lamin repeats. Therefore it re-
mains to be resolved what determines the speci¢city
of these interactions and by what mechanisms they
are regulated. This point will be discussed in Section
4.4.
4.2.1. Glycoprotein-IbK
Several transmembrane proteins bind to the car-
boxy-terminal region of ¢lamin. The best character-
ized interaction is that of ¢lamin-A and -B with the
glycoprotein (GP)-IbK subunit of the von Willebrand
factor (vWF) receptor. This heteropentameric GPIb-
V^IX complex consists of two disul¢de-linked sub-
units, GP-IbK and GP-IbL, non-covalently associ-
ated with GP-V and GP-IX. The binding of vWF
to this platelet-speci¢c receptor complex rapidly in-
duces platelet activation, leading to cytoskeletal re-
arrangements, cell shape changes and to secretion of
K-granules which results in platelet aggregation. The
binding of GP-IbK to ¢lamin has initially been dem-
onstrated in co-immunoprecipitation assays [74,75]
and has been con¢rmed by yeast two-hybrid analysis
and pull-down assays [47,49,76]. These studies have
identi¢ed repeats 17^19 of ¢lamin-A and -B as the
minimal binding domain for residues Thr536^Phe568
of GP-IbK [77].
Expression of ¢lamin has been reported to increase
the cell surface levels of GP-IbK in ¢lamin-A-de¢-
cient melanoma cells (M2 cells) [78]. However, this
appeared to be independent of a direct interaction,
since a carboxy-terminal truncated ¢lamin-A (repeats
1^18), lacking the GP-IbK binding domain, also in-
creased GP-IbK surface expression levels and acted
like wild-type ¢lamin-A, whereas a carboxy-terminal
construct encoding repeats 20^24 had no e¡ect on
surface expression [78].
4.2.2. Integrins
Similarly, interaction of ¢lamin with the cytoplas-
mic tails of the integrin L1A-subunit has been de-
tected in biochemical and yeast two-hybrid experi-
ments [79^81]. Furthermore, association with the L2
integrin subunit has been demonstrated in pull down
and co-immunoprecipitation assays [82]. Yeast two-
hybrid interaction mapping revealed that the car-
boxy-terminal 41/2 repeats of ¢lamin-A are required
for the interaction with the complete L1A cytoplas-
mic domain [81]. A new splice variant, ¢lamin-Bvarÿ1,
which has a deletion of 41 residues between repeats
19 and 20, interacts, unlike wild-type ¢lamins, with
the integrin L1D subunit and shows in yeast two-
hybrid assay increased binding activity with L1A.
Interestingly, a similar splice variant has been found
of ¢lamin-A (Fig. 2; van der Flier, in preparation).
These ¢ndings indicate that ¢lamin splice-variants
can interact speci¢cally with transmembrane recep-
tors. As for GP-IbK, the cell surface level of L1 in-
tegrins is increased by the expression of ¢lamin in
¢lamin-A-de¢cient melanoma cells [78]. Thus, ¢lamin
may have a role in the stabilization of several trans-
membrane receptors at the cell membrane.
4.2.3. Other membrane proteins
Filamin-C speci¢cally binds to Q- and N-sarcogly-
cans and thus ¢lamin could strengthen the dystro-
phin-mediated linkage of the dystrophin-glycoprotein
complex (DGC) with the actin cytoskeleton [54]. In-
terestingly, in biopsies of myopathic muscles, in
which the expression of the DGC is decreased, the
amount of ¢lamin at the plasma membrane is in-
creased. This might be the result of altered cell sig-
naling [54] but it may also point to a role of ¢lamin
in mechanoprotection [83]. The increased expression
of ¢lamin at the plasma membrane might compen-
sate for the decreased expression of the DGC and
provide the cells with the necessary mechanical
stability to resist externally applied stress. Other
transmembrane proteins which were found to inter-
act with ¢lamin include the neuronal transmembrane
peptidases, the presenilins [45,84], furin [85], FcQRI
[86], tissue factor [87] and probably also the acetyl-
choline receptor because it has been found to be co-
localized with ¢lamin [88].
Several studies used the previously mentioned ¢la-
min-A-de¢cient human M2 melanoma cells to ex-
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plore the importance of ¢lamin-A for the structural
interactions of the cortical cytoskeleton with ion-
channels. These cells, selected for the absence of ac-
tin bundles [70], showed prolonged cell surface bleb-
bing, increased susceptibility to force-induced mem-
brane leakage [83] and reduced cell migration. This
e¡ect has been attributed to a reduced gelation of
cortical actin, a phenotype that could be rescued by
the ectopic expression of ¢lamin-A [89]. Examination
of these cells has indicated that ¢lamin plays an es-
sential role in determining the activity of potassium
ion channels in the hypotonic volume regulatory re-
sponse [90], for chloride conductance by the cystic
¢brosis ion channels [91] and for the desensitization
of stretch-activated (mechanical) calcium channels
[83].
Experiments with the ¢lamin-A-de¢cient M2 cells
have also demonstrated that signaling via the dopa-
mine D2 receptor as well as the cycling of the furin
receptor depend on ¢lamin-A [85,92]. The abnormal
phenotype due to ¢lamin-A de¢ciency might be
caused by a defective cellular organization, which
a¡ects the trans-golgi network and endosomal sort-
ing of furin but not the biosynthetic or endocytotic
pathways [85]. A role for ¢lamin has also been sug-
gested in the cytoplasmic tra⁄cking of the androgen
receptor to the nucleus [93].
4.3. Sca¡olding of signaling molecules
Several GTPases of the Ras superfamily were
found to bind to the carboxy-terminal repeats of
¢lamin and GTPase activity has been demonstrated
in immunoprecipitates of ¢lamin [94]. The GTPases
RalA [95] and Rab22B (F. Opdam, personal commu-
nication) bind ¢lamin only in a GTP-dependent man-
ner, while binding of the Rho-like GTPases, Cdc42
and Rac1 is GTP-independent [95]. In addition, Trio,
a tandemly organized guanidine exchange factor for
RhoG, Rac and RhoA, binds by its pleckstrin ho-
mology (PH) domain [96]. These data suggest that
the carboxy-terminal part of ¢lamin serves as a
GTPase docking site, which ensures correct localiza-
tion of GTPases and other regulatory factors for
actin nucleation, actin dynamics and vesicle trans-
port. Indeed, studies using the ¢lamin-A-de¢cient
M2 melanoma cells, showed that RalA- and Cdc42-
mediated ¢lopodia formation and cell migration are
dependent on the expression of ¢lamin-A, while
RhoA and Rac1 induced responses are not. Injection
into cells of the carboxy-terminal region of ¢lamin-
A, containing the RalA binding site, inhibited RalA-
induced pseudopodia formation. However it did not
a¡ect Rho/Rac-mediated stress ¢ber- or ru¥e-induc-
ing capacities, neither did it a¡ect gelling activity of
¢lamin-A in vitro. Furthermore, it was shown that,
although cells expressing dominant active RalA ac-
quire the capacity of constitutively inducing ¢lopo-
dia, active RalA failed to perform this function in
M2 melanoma cells, expressing a ¢lamin-A construct
incapable of dimerization. This demonstrates that
both actin cross-linkage and RalA-binding activity
are needed for the formation of pseudopodia.
Filamin-A has also been shown to serve as a dock-
ing molecule for MKK-4 (SEK-1 or JNKK), a ki-
nase that activates several stress-activated protein ki-
nases (SAPKs) [97]. Although most stimuli to M2
melanoma cells result in normal activation of several
SAPKs, their activation is reduced by TNFK and
lysophosphatic acid (LPA). Expression of a ¢lamin-
A protein, incapable of dimerization and thus unable
to cross link actin ¢laments, restored only the
TNFK-mediated activation of SAPK but not the
LPA response in M2 cells. This implies that the ab-
sence of the TNFK-response can be attributed to the
lack of ¢lamin-A itself rather than to the disordered
actin cytoskeleton that results from the de¢ciency of
¢lamin-A [97]. Similar studies have implied that the
interaction of ¢lamin-A with TRAF2 (tumor necrosis
receptor-associated factor-2), which has been identi-
¢ed in the yeast two-hybrid system, is important for
TNFK receptor-mediated activation of both SAPKs
and transcription factor NF-UB. Again, TNFK-medi-
ated signaling was shown to depend on the expres-
sion of ¢lamin-A in M2 melanoma cells. Further-
more, it was shown that ectopic expression of
¢lamin inhibits TNF-K-, TRAF2- and IL-1-induced
activation of NF-UB and SAPK [98]. Studies in Dro-
sophila con¢rmed the role of ¢lamin in the signal
transduction by the TNF receptor superfamily [99].
Toll-mediated signaling determines dorsal^ventral
polarity in the fruit£y. Binding of spa«tzle, the ligand
of the toll-transmembrane receptor, triggers a signal-
ing pathway that involves various downstream cyto-
plasmic e¡ectors, such as tube, pelle-kinase, cactus,
and the NF-UB family transcription factor, dorsal.
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The interaction of ¢lamin with both toll and tube
suggests that ¢lamin provides a sca¡old for a variety
of signal transduction complexes.
The muscle speci¢c ¢lamin-C has recently been
shown to interact with two unrelated K-actinin bind-
ing proteins that are localized at the Z-lines in
muscle: myotilin [100], a protein that contains two
IgG domains, and a 32 kDa protein, FATZ [101].
The function of these two proteins is unknown. In-
terestingly, mutations in either myotilin [102,103] or
telethonin, a third binding partner of FATZ
[104,105], lead to limb-girdle muscular dystrophies,
suggesting a potential role of ¢lamin-C in these dis-
eases as well.
4.4. Regulation of ¢lamin interaction
4.4.1. Receptor occupancy
How the interactions of ¢lamin with actin and
transmembrane proteins are regulated is largely un-
known. Receptor occupancy has been reported to
in£uence the association of ¢lamin with transmem-
brane receptors. For instance, occupancy of the
FcQRI receptor by immunoglobulin decreases the in-
teraction of it with ¢lamin-A [86]. This observation
has led to the hypothesis that non-occupied FcQRI is
linked by ¢lamin to the cortical actin cytoskeleton,
which provides stability to the surface of spread cells.
Receptor occupancy leads to a release of the recep-
tors from their anchors resulting in a reorganization
of the cytoskeleton. In contrast, ligation of tissue
factor is necessary for ¢lamin-A binding [87].
4.4.2. Phosphorylation
Filamin is strongly phosphorylated in cells which
a¡ects its interaction with several proteins such as
GTPases [94,106]. Phosphorylation also a¡ects the
binding capacity and cross-linking activity of ¢lamin
for actin, although opposing e¡ects have been re-
ported [107,108]. In ¢broblasts, several growth fac-
tors such as epidermal growth factor and LPA in-
duce the phosphorylation of ¢lamin on serine/
threonine residues. One of these protein kinases is
p90 RSK2 (p90 ribosomal S6 protein kinase-2)
[109]. Other serine-threonine kinases that phosphor-
ylate ¢lamin in vitro are cAMP-kinase, PKC and
CaM-kinase II [108,110^112]. Also, changes in the
degree of ¢lamin phosphorylation have been ob-
served after activation of platelets [113] and in-
creased serine-phosphorylation of ¢lamin has been
demonstrated after force was induced at cell adhe-
sion sites by collagen-coated magnetic beads [83].
Interestingly, phosphorylation of the interacting
proteins has also been implicated in the regulation
of ¢lamin^protein interactions. Point mutations
which mimic serine phosphorylation in the cytoplas-
mic tails of both the cytoplasmic domains of tissue
factor (Ser253;248Asp) [87] and the dopamine D2 re-
ceptor (Ser358Asp) [92] were found to increase or
diminish their interaction with ¢lamin, respectively.
4.4.3. Proteolysis
Filamins are highly susceptible to proteolysis. Bio-
chemical studies using ¢lamin-A have revealed two
calpain cleavage sites: one in the H1 region and a
second in H2, the precise position of the latter not
having been accurately de¢ned. Calpain-mediated
cleavage of the latter site leads to the formation of
a 240 kDa amino-terminal heavy mero¢lamin frag-
ment and a 10 kDa carboxy-terminal light mero¢la-
min fragment, causing the disruption of the actin
cross-linking activity of ¢lamin [11,27].
There is ample evidence suggesting that the pro-
teolysis of ¢lamin is regulated by its phosphoryla-
tion. Phosphorylation of ¢lamin modulates the sus-
ceptibility of ¢lamin for cleavage by calpain
[11,111,114,115]. Filamin A, B and C contain a con-
served cAMP-kinase consensus site (Ser2152, Ser2107
and Ser2126, respectively) that, when phosphorylated
in ¢lamin-A, renders the protein stable and resistant
to cleavage by calpain at residues 1761^1762 in the
H1 region [11,15]. Furthermore, Wang et al. [116]
showed that a peptide mimicking the ¢lamin-A
CaM-kinase II site blocks bradykinin-mediated re-
lease of ¢lamin from the membrane to the cytosol
[117,118].
Filamin cleavage has also been noticed to occur in
platelet activation and myogenesis. For instance, the
link between ¢lamin-A and GP-IbK is disrupted
when platelets are activated due to cleavage of ¢la-
min by a calcium-dependent protease [119]. Also, the
in vitro di¡erentiation of chicken myoblasts into my-
otubes is correlated with increased m-calpain activity
and cleavage of ¢lamin. This fusion process of myo-
blasts is reduced upon the inhibition of calpain,
which might be due to an altered organization of
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the cytoskeleton required for myotube formation
[120,121]. Finally, granzyme B-mediated cleavage of
¢lamin has been implicated in caspase-independent
apoptosis [122].
4.5. Genetic model systems
4.5.1. Dictyostelium
Two groups have independently deleted the gene
encoding gelation factor, the ¢lamin orthologue in
the slime mold, but have obtained di¡erent results.
Studies on a gelation factor-negative cell line, ob-
tained by chemical mutagenesis showed negligible ef-
fects [37], while studies with another gelation factor-
negative strain, generated by homologous recombi-
nation, showed reduction in cell growth, motility,
pseudopod formation and phagocytosis [123^125].
Electron microscopic studies on cells derived from
the latter strain revealed that the actin cytoskeleton
network had collapsed [124]. Although the reasons
for the di¡erent results of the two research groups
[126] remain unsolved, the lack of abnormal pheno-
types upon the disruption of a given actin-binding
protein may be caused by limitations of experimental
procedures [127]. However, photosensory and ther-
mosensory responses were found to be a¡ected in
the two gelation factor-de¢cient strains, while these
responses were normal in strains that are knockout
for either of the following actin cross-linking pro-
teins: K-actinin, ¢mbrin, severin and the 34 kDa ac-
tin-bundling protein [128]. It has been suggested that
the ¢lamin repeats of gelation factor may provide
crucial protein^protein interaction sites for compo-
nents of the photo- and thermosensory signal trans-
duction pathways.
Loss of K-actinin also results in a mildly abnormal
phenotype in Dictyostelium [129^133]. However,
there are strong e¡ects in double mutants for gelat-
ion factor and K-actinin, indicating that these actin
organizing molecules can partly replace each other
functionally in vivo [126,133,134]. The e¡ects in-
cluded a reduction in cell size, growth motility and
an arrest of morphogenesis. The cells also appeared
to be more sensitive to osmotic shock. Furthermore,
about 5% of the cells were multinucleated indicating
a role of gelation factor in cell division. In conclu-
sion, slime mold cells are viable when they lack ge-
lation factor although they have defects in phototaxis
and thermotaxis, migration and probably also in cell
growth and morphogenesis.
4.5.2. Drosophila
Two groups de¢ned a role of fruit£y ¢lamin-240 in
oogenesis [44,46]. Oogenesis in £ies begins with four
incomplete divisions of cystoblasts giving rise to a
cyst of 16 germline cells that are interconnected by
cytoplasmic bridges, or ring canals. One cell will be-
come the oocyte, while the remaining 15 cells di¡er-
entiate as polyploid nurse cells that synthesize and
transport cytoplasmic components through the ring
canals to the developing oocyte. The initial intercel-
lular bridges are forti¢ed as ring canal structures
during a highly orchestrated process. Glycoprotein
D-mucin and the actin-binding protein, annilin, sta-
bilize actin in the arrested cleavage furrow. As the
ring canal grows, several proteins are recruited: the
hu-li tai shao (hts) gene product, which recruits actin
micro¢laments to the inner rim of the canals, and
kelch, a protein which is proposed to bundle and
cross-link actin in a compact ring. Two protein ki-
nases, the products of the Tec29 and Src64 genes,
regulate the expansion of the canals. Cytoplasmic
transport of constituents requires actin transport
through the cytoplasm.
Mutations in fruit£y ¢lamin-240 were found in
two screens for female sterile mutation genes: shi
kong (sko) and cheerio (cher) [44,46]. Both these mu-
tations led to a reduced and defective organization
and stabilization of actin in the ring canal structures.
The e¡ects of these mutations on the overall organi-
zation of the actin cytoskeleton remains unclear as in
one of these studies stress ¢bers were found to be
destabilized while in the other they were not. Neither
formation of the ring canals nor the location of the
other ring canal constituents was a¡ected. Since the
ring canals became disrupted in time and showed
reduced growth, it was concluded that ¢lamin is re-
quired for the proper assembly of the inner rim and/
or its stability and growth during development. No
e¡ect has been found on intercellular transport. Per-
haps ¢lamin plays an instrumental role at the ring
canal by bringing together both structural and regu-
latory components.
Genetic studies have also indicated an interaction
between ¢lamin and the transmembrane endopro-
tease presenilin in the fruit£y. The overexpression
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of ¢lamin could suppress dominant-negative e¡ects
of presenilin overexpression on notch signaling dur-
ing development, probably by restoring the balance
between associating proteins [45].
4.6. Role of ¢lamins in human disease
Previously, it has been suggested that the ¢lamin-
A gene is a candidate gene for two hereditary myo-
pathies that map to Xq28, Emery^Dreyfuss muscular
dystrophy (EDMD) and Barth syndrome [11]. This
conclusion was based on the fact that the ¢lamin-A
gene has been mapped to the same chromosomal
region as well as on structural similarities of ¢lamin
with dystrophin, whose absence causes a similar dis-
ease. However, mutations in the emerin gene, which
is adjacent to the ¢lamin-A gene, were shown to
cause EDMD. The emerin- and the ¢lamin-A gene
are £anked by inverted repeats, which are responsible
for the two alternative orientations of the genomic
segment, containing these two genes, in the human
population [135,136]. Notably, all large-scale rear-
rangements of emerin associated with EDMD failed
to include ¢lamin-A, suggesting that loss of ¢lamin-
A function might be embryonically lethal. The latter
has indeed been shown to be the case in another
hereditary disease, periventricular heterotopia, in
which mutations in the FLNA gene have been found
[137,138]. Periventricular heterotopia is an X-linked
dominant disorder in which neurons fail to migrate
into the cerebral cortex. They remain as nodules lin-
ing the ventricular surface. In heterozygous females
these neurons presumably represent those cells that,
after X-chromosome inactivation, contain the active
X chromosome with the ¢lamin mutation. Most
hemizygous a¡ected males die early during embryo-
genesis [139], whereas most heterozygous females
have normal intelligence but su¡er from seizures
and various manifestations outside the central nerv-
ous system, especially related to the vascular system.
The studies imply that ¢lamin-A, which is required
for the locomotion of M2 melanoma cells, is also
required for neuronal migration to the cortex and
is essential for embryogenesis. In one male patient
with a severe, albeit nonlethal, phenotype of periven-
tricular heterotopia the FLNA gene was duplicated
[140]. It was concluded that this duplication itself is
responsible for the disorder, since no additional mu-
tations have been found in other patients with peri-
ventricular heterotopia. Analysis of the pattern of X-
inactivation in nucleated peripheral blood cells ob-
tained from females with ¢lamin-A mutations indi-
cated that ¢lamin-A is not required in a cell-auton-
omous fashion for survival, a ¢nding similar to that
found for ¢lamin-A-de¢cient melanoma cells and
slime mold devoid of gelation factor.
Other studies have implicated that ¢lamin might
be involved in some autoimmune diseases. High
anti-¢lamin antibody titers have been found in sera
from patients with myasthenia gravis [141] and in
sera from mice with chronic graft-versus-host disease
resulting in glomerulonephritis [142]. Screening of a
human thyroid follicular carcinoma expression li-
brary with serum from a patient with Graves disease
resulted in the cloning of a carboxy-terminal frag-
ment of ¢lamin-B [143]. However, a direct link be-
tween ¢lamin and Graves disease is unclear, since
only three out of ten patients with Graves disease
had autoantibodies that recognized the cytoplasmic
¢lamin-B.
5. Conclusions and future directions
Besides the fact that ¢lamins organize F-actin into
bundles and networks, it has now become clear that
they also link transmembrane receptors to the cyto-
skeleton and provide a sca¡old for a variety of cy-
toplasmic signaling proteins. The current challenge is
to understand which role ¢lamins play in the orga-
nization of the actin cytoskeleton and signaling, and
to identify the biochemical mechanisms that regulate
these interactions. Since di¡erent isoforms and var-
iants of ¢lamin exist and abnormalities in the ¢la-
min-A gene cause periventricular heterotopia, it is
expected that abnormalities of the other isogenes
may also be connected with human disease.
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